Bronchopulmonary dysplasia (BPD) and cerebral white matter damage (WMD) are neonatal disorders that occur most commonly in those who are born much before term. In a large multicenter database, we sought to determine whether the two disorders occur together more frequently than expected and whether BPD and other neonatal respiratory characteristics are more common among infants who develop ultrasound-defined WMD than among those who do not. In a sample of 904 infants who were born before the 30th week of gestation and survived until 36 wk postmenstrual age, we did not find a co-occurrence of BPD and WMD above what would be expected by chance. Confounding does not seem to account for this lack of association between WMD and BPD. In conclusion, our findings do not support the hypothesis that BPD contributes to the occurrence of sonographically defined WMD. Preterm infants are exposed to a number of antenatal and postnatal challenges that, in concert with their immaturity, render them susceptible to a wide range of neonatal disorders. Among these, bronchopulmonary dysplasia (BPD) and cerebral white matter damage (WMD) are prominent entities.
Preterm infants are exposed to a number of antenatal and postnatal challenges that, in concert with their immaturity, render them susceptible to a wide range of neonatal disorders. Among these, bronchopulmonary dysplasia (BPD) and cerebral white matter damage (WMD) are prominent entities.
BPD was initially identified as a chronic neonatal lung disease that occurred in preterm infants who were exposed to prolonged ventilation with high airway pressure and high inspired oxygen concentrations (1) . More recently, a "new" BPD was defined as a form of neonatal chronic lung disease, characterized by aberrational lung alveolarization and vascular development (2) . Changes in neonatal practice, including the introduction of exogenous surfactant, increased use of antenatal glucocorticoids, and sophisticated ventilatory support strategies, might play a role in this changing clinical phenomenology of BPD. Antenatal effects apparently gain pathogenetic importance (3) , and major research emphasis is being placed on inflammatory pathomechanisms (4) . The current terminology has now returned from "chronic lung disease" to BPD (5) . The new definition of BPD-"receiving O 2 at 36 wk postconceptional age"-has been shown to be a better predictor of abnormal pulmonary signs and symptoms at age 2 (83%) (6) than the 38% achieved by previously suggested definition of BPD-"receiving O 2 at 28 d of life" (7) .
Neonatal WMD is a term applied to any abnormality identified in the neonatal cerebral white matter. The term avoids two errors: attributing a single cause (8) and attributing histologic diagnoses to abnormalities identified by ultrasound (9) . Over the past decades, discussions of WMD pathogenesis have revolved around two main concepts: hypoxia-ischemia and infection/inflammation (10, 11) .
There are several ways in which BPD and WMD might be related. First, both occur predominantly in preterm infants. Thus, prematurity might be a predisposing factor for both. Second, what contributes to prematurity might contribute to both BPD and WMD. One candidate risk factor is antenatal infection/inflammation (12) . Third, postnatal lung disease might contribute to brain structural abnormalities and functional deficits via the hypoxia-ischemia pathway (13) (14) (15) (16) . However, caution has been advised when discussing a possible link between BPD and WMD (17) . In this article, we explore the relationship between BPD and WMD identified on neonatal cranial ultrasound images.
METHODS

Sample.
The multicenter cohort of the Developmental Epidemiology Network Study comprised 1607 VLBW infants (500 -1500 g) who were born between January 1, 1991 and December 31, 1993, at five hospitals in Boston, New York City, and New Brunswick, NJ, U.S.A. The study was designed to identify antecedents of WMD, and each infant had at least one of three cranial ultrasound scans at times established by the study design.
Birth weight-defined samples contain a disproportionate number of growth-restricted infants at higher gestational ages (18) . To maximize statistical power while at the same time minimizing the risk of including too many gestationally older growth-restricted infants, we limited our study sample to infants who were born before the 30th wk of gestation. Moreover, an infant had to survive long enough to have BPD and WMD ascertained. Thus, to be in the present sample, an infant also had to survive to at least 36 wk postmenstrual age (see definition of BPD below). Among these 904 infants, 46 (5%) had an echolucency identified on neonatal cranial ultrasound and 169 (19%) had BPD.
Ultrasound data. Manuals were created to standardize the ultrasound scanning procedure and the interpretation of scans. The six standard coronal views were those recommended by Teele and Share (19) . The five sagittal views include the midline, each lateral ventricle, and lateral to each lateral ventricle. Protocol scans were obtained once during the first 4 postnatal days (median, day 1), once between postnatal days 5 and 15 (median, day 7), and once between days 15 and 60 (median, day 21). Scans were brought to a consensus committee when either of two independent readers identified an echolucency anywhere in the cerebral white matter. The final diagnosis of echolucency required consensus among a minimum of three sonologists reading together about the presence, size, and location of all hypoechoic white matter abnormalities.
Definitions. The major outcome is the presence of an echolucent image anywhere in the white matter on neonatal cranial ultrasound. We have previously described our protocolbased diagnostic process by committee (20 -23) . As in previous papers (24 -26) , we defined BPD as oxygen dependence at 36 postmenstrual weeks (6) . Although this definition might be considered suboptimal because of its association with physicians' treatment decisions, this is currently the most widely used operational definition. Using this definition allows us to compare our findings with those of others.
Placenta data were collected using forms designed for this study (27) (28) (29) (30) , as were maternal and neonatal clinical data. In addition, we interviewed mothers of study infants. The reader is referred to the above publications for definitions of variables displayed in the tables. The study was approved by Institutional Review Boards at all participating hospitals, and written informed consent was obtained.
Analytical approach. The underlying hypothesis of our analysis is that WMD and BPD are associated. To evaluate the association between WMD and BPD, we compared their observed co-occurrence to that expected if they were independent of one another in the entire sample and in strata defined by gestational age (Table 1) . If two phenomena occur independent of one another, then their joint observed prevalence should not be different from the product of their individual observed prevalences (multiplicative rule of probability). This product is equal to the expected joint prevalence. The relationship between joint observed and expected frequencies is the basis for the calculation of 2 statistics (31). We then sought common antecedents by tabulating the prevalence of potential correlates among cases of echolucency and BPD and their respective controls (Tables 2-4). Next, we selected variables that were associated with both BPD and WMD at p Ͻ 0.25 (32) for multivariable modeling. We created logistic regression models predicting white matter echolucency that included BPD and all potential confounders. Finally, we sequentially removed variables that seemed not to add infor- * The observed occurrence is the number of children observed in each category defined by the characteristics listed on the left.
† The expected frequency is the product of the individual observed probabilities of WMD and BPD occurrence: P(WMD പ BPD) ϭ P(WMD)P(BPD). mation. We also calculated univariable and gestational ageadjusted odds ratios (ORs) for WMD for each covariable that remained in the full model.
To adjust for potential confounders, including factors associated with the need for prolonged ventilatory assistance and its consequences, we created a confounder/propensity score for ventilation lasting more than 7 d. Confounder/propensity scores may be used to adjust for what has led to a specific treatment (here, long ventilation) in models in which the treatment is an independent variable (33). The goal is to avoid bias by indication, i.e. attributing to a treatment what should be attributed to what led to the treatment. To calculate such a confounder/propensity score for each newborn, we created a logistic regression model that predicted ventilation for more than 1 wk. The following predictor variables were used in this model because we considered them characteristics that might be associated with an infant's need for prolonged assisted ventilation or its consequences: gestational age, absence of antenatal steroid treatment, hypothyroxinemia (defined as a first measured thyroxine level below 5.3 g/dL, the cutoff for the lowest quartile in the original cohort (34)), respiratory distress syndrome, intraventricular hemorrhage, surfactant treatment, hypocarbia, neonatal acidemia, a fraction of inspired oxygen of 1.0, severe apnea, persistent ductus arteriosus, and systemic hypotension. The predicted likelihood of ventilation derived from this model (a number between 0 and 1) for each child is her or his confounder/propensity score in subsequent regression models that had WMD as the outcome/dependent variable.
RESULTS
Co-occurrence.
The observed number of infants with both WMD and BPD (n ϭ 10) was not appreciably higher than would be expected if the two were unrelated (n ϭ 9). Moreover, in strata of gestational age, observed and expected numbers were exactly the same. Thus, the occurrences of WMD and BPD seem to be independent of each other (Table 1) .
Maternal characteristics. No maternal characteristic was prominently associated with an increased risk of both WMD and BPD. Indeed, in some cases, the associations, although not strong, were in opposite directions. For example, cesarean section was associated with reduced risk of WMD and increased risk of BPD. The situation was reversed for "any antibiotic." Maternal receipt during this admission of an antibiotic was associated with increased risk of echolucency and decreased risk of bronchopulmonary dysplasia (Table 2) .
Infant characteristics. Infant characteristics associated with both WMD and BPD included low gestational age, neonatal hypothyroxinemia, ventilation for more than 1 wk, and hypocarbia. Respiratory distress syndrome and surfactant receipt were associated with BPD but not with WMD near the usual p Ͻ 0.05 level (Table 3) .
Placenta characteristics. Although fetal vasculitis was not associated with WMD in the entire sample, among infants who were born within 1 h of membrane rupture, those whose placenta had fetal vasculitis were at increased risk of WMD but not BPD. Conversely, increased syncytial knots were associated with increased risk of BPD but not with WMD (Table 4) .
Multivariable relationships. As expected, logistic regression modeling revealed no association between BPD and WMD. When we adjusted for potential confounders identified in the univariable analyses described above, we arrived at a multivariable model for WMD in which ventilation for more than 7 d was the only variable with an OR that exceeded 2.0 (Table 5) . However, the OR for long ventilation dropped to 1.8 [95% confidence interval (CI), 0.8 -4.2] when we added the confounder/propensity score for long ventilation to the multivariable model, thereby adjusting for what might have led to the extended time on the ventilator (data not shown). In a model that included only long ventilation and the propensity/ confounder score as antecedent variables, the OR for long ventilation was 1.6 (95% CI, 0.7-3.6), whereas the propensity score itself achieved an OR of 4.4 (95% CI, 1.1-17).
DISCUSSION
Some of the first claims that respiratory care might influence the risk of structural brain abnormalities focused on brain abnormalities identified on postmortem examination (35) and intraventricular hemorrhage (36) . The focus has since shifted to sonographic evidence of WMD and late clinical outcomes, mainly cerebral palsy (CP).
Previous results have not been consistent regarding a cooccurrence of BPD and WMD/CP. Results from most univariable analyses have not demonstrated an appreciable difference in the prevalence of cranial ultrasound abnormalities (e.g. intracranial hemorrhage, periventricular leukomalacia) in infants with BPD compared with control subjects (37, 38) . In one univariable study (39) , subependymal hemorrhage was present in 6% of BPD cases and 3% of control subjects. In a study that used multivariable techniques, periventricular leukomalacia was present in 5% of infants with BPD defined as oxygen requirement at 36 wk gestational age and in 6% of infants with BPD defined as need for supplementary oxygen at 28 d, compared with 7% among control subjects (38) .
In four studies, the incidence of CP was higher among infants with BPD than among control subjects (15, 40 -42) . In one other study, the incidence of CP was higher in control subjects (24%) than among cases of BPD (14%) (43) . How- 1.2-3.9) 1.9 (1.04 -3.6) 1.6 (0.9 -3.1) 322 ever, none of these studies included multivariable data analyses that adjusted for potential confounders of the association between BPD and CP. Moreover, none had a sample size that appreciably exceeded 250.
The apparent discrepancy between short-term and long-term outcome studies has multiple explanations. First, a general caveat: we do not know the number of long-term "negative results" studies that remain unpublished.
Second, in regional or multicenter studies, only 50% of preterm infants with CP have abnormal cranial ultrasound images (44 -46) . Thus, the sensitivity of early ultrasound might be too low to detect all WMD relevant to later developmental disability. Ultrasound examination of the brain can identify gross necrotic lesions of cerebral white matter (20 -23) . It is much less able to identify the early diffuse WMD discernible on diffusion-weighted magnetic resonance imaging (MRI) (47) . Thus, sonographically defined WMD represents only "the tip of the iceberg" of all WMD (48) . In light of this disparity between ultrasound and MRI images, it is possible that infants who develop diffuse WMD early without an ultrasound signature are at increased risk of BPD. Perhaps these are some of the BPD children who later display neurodevelopmental difficulties (15, 40) .
Third, some ultrasound-defined neonatal brain abnormalities might not suffice to produce long-term disability, because the amount of damage is small, because the immature brain is capable of repair, or because endogenous protectors (49) limit the ability of neonatal brain damage to induce secondary neuroinflammatory cascades that contribute to long-term disturbance in function.
In this article, we do not look at CP but at what might be its closest antecedent, namely, cerebral WMD defined by an echolucency identified on neonatal cranial ultrasound. Although we found no association between respiratory distress syndrome or BPD and WMD, we acknowledge that there might still be an association between BPD and CP.
Because we did not find an association between lung disease and brain damage, we searched for relationships between ventilation-associated variables and WMD. The only associations that we could identify were one that we had previously reported between hypocarbia and WMD (22) and one, not previously reported, between prolonged ventilatory support and echolucency of the white matter. As with hypocarbia (22), the risk estimate for the association between long ventilation and WMD (OR, 2.2; 95% CI, 1.04 -4.8) decreased more than 10% once we adjusted with a confounder/propensity score (OR, 1.6; 95% CI, 0.7-3.6). This leads us to speculate that, in this model, the variables associated with prolonged ventilatory support might convey some information about an infant's immaturity-associated severity of illness that is not captured by the joint effect of long ventilation, gestational age, and the other confounders in the model.
Still, in our final model (Table 5) , prolonged ventilation was associated with an increased WMD risk, whereas BPD was associated with a slightly reduced WMD risk. Some of this risk reduction associated with BPD might reflect the tendency of both the BPD and the prolonged ventilation variables to share information. Thus, including one reduces the contribution of the other. Some of this risk reduction associated with BPD might be due to the absence of WMD among infants with BPD who had been ventilated for less than 1 wk (n ϭ 28), whereas 10 (7%) of 140 infants with BPD and ventilation for more than 1 wk had WMD. Apparently, not all BPD is equal when it comes to WMD risk. One simplistic explanation is that "mild" BPD might carry a lower WMD risk than "severe" BPD. We were not able to distinguish between mild and severe BPD in our analyses above and beyond our appreciation of BPDassociated characteristics such as long ventilation. Clearly, the need for prolonged ventilation tells us more about WMD risk than does need for supplemental oxygen at 36 wk. However, adjustment for a propensity/confounder score based on variables associated with the need for and the consequences of prolonged ventilation led to an appreciable reduction of the OR for prolonged ventilation.
In our univariable analyses, infants whose placenta had membrane inflammation were not at increased risk of WMD or BPD. Others, however, have reported that chorioamnionitis is an antecedent of echolucency (50) . Virtually all placentas and umbilical cords that have fetal vasculitis also have inflammation of the membranes, but only approximately half of placentas with membrane inflammation have fetal vasculitis (21, 51) . This and other findings have led to our view that fetal vasculitis is an indication of the severity and progression of the inflammatory process that tends to involve the membranes before it involves the chorionic plate and umbilical cord. Fetal vasculitis, then, is documentation that the fetus has responded to the inflammatory insult. This suggests that chorioamnionitis is an antecedent of echolucency but only when the chorioamnionitis is sufficiently severe to result in a fetal response, evident as fetal vasculitis. Some of the resulting inflammation needs to be systemic to influence the risk of brain and lung damage.
Expanding on the finding that chorioamnionitis is associated with an increased risk of BPD (52), we recently reported that chorioamnionitis alone reduces the risk of BPD (OR, 0.6; 95% CI, 0.4 -1.03) (26) but that the synergistic effects of chorioamnionitis with long ventilation (OR, 3.2; 95% CI, 0.9 -11) and postnatal sepsis (OR, 2.9; 95% CI, 1.1-7.7) seem to work in the opposite direction. Although we (26) and others (53) did not find that fetal vasculitis is an antecedent of BPD, some investigators have reported such an association. In one very small study, all five infants with necrotizing funisitis developed BPD, compared with only one third of infants without necrotizing funisitis (54) . In another study, BPD (grouped with Wilson-Mikity Syndrome) was equally common in infants with (28%) and without (33%) subacute necrotizing funisitis (55) .
In this study, increased syncytial knots in the placenta are associated with BPD but not with WMD. Syncytial knots are aggregations of nuclei in the syncytiotrophoblast layer of the placental membrane that covers the fetal branch villi (56) . Increased syncytial knots are associated with low uteroplacental blood flow (57), maternal smoking (58) , and fetal growth restriction and pregnancy-induced hypertension (30) . One possible interpretation is that increased syncytial knots might be a marker of the absence of chorioamnionitis (see above). Another could be that fetal growth restriction is indeed associated with an intrinsically increased risk of BPD (59).
LUNG AND BRAIN IN PRETERM NEWBORNS
Taken together with our findings about the chorioamnionitis-BPD relationship, the possibility exists that the risks of both WMD and BPD originate after an inflammatory intrauterine insult. What happens after, however, probably depends on other risk factors that modulate these risks.
Our not finding sufficient support for the hypothesis that BPD and neonatal WMD are associated has at least two components. First, we found only an ever-so-slight difference in BPD prevalence among infants with WMD (22%) compared with infants without WMD (19%), which is somewhat unlikely to bear clinical relevance. Second, this minuscule difference between 22% and 19% did not achieve nominal statistical significance. According to a post hoc calculation, this difference would be significant at an ␣ level of 0.05 with 90% power if one compared 2,016 cases of WMD with 37,599 controls. Currently, even meta-analytic approaches are unlikely to achieve such large numbers.
One might still ask, "Why aren't BPD and WMD related?" We would like to ask, "Why should they be related?"
One answer is that because both are associated with prematurity, one would expect them to co-occur in preterm infants. We did not find support for this hypothesis in our data set of infants who were born at less than 30 wk gestation.
Another possible answer is that one might assume that lung disorders cause hypoxia, which in turn causes WWD. Although we do not subscribe to this line of thinking, we still consider it too simplistic to take the extreme view and assume that most of what causes WMD occurs antenatally and most of what causes BPD occurs postnatally. Nevertheless, if we did, then we would infer that BPD cannot be a causal factor in WMD (because outside the world of theoretical physics an effect rarely precedes its cause). However, we do believe that the data presented in this article are in agreement with previous challenges (9) to the view that lung disease-associated phenomena contribute to the occurrence of brain WMD.
CONCLUSION
In summary, we did not find that the antecedents of BPD are antecedents of sonographically defined WMD. Because infants with BPD seem to be at increased risk of some neurodevelopmental disorders that are known consequences of WMD, it is possible that the link between WMD and BPD is limited to the diffuse forms of WMD not detectable by ultrasound but evident on diffusion-weighted MRI (47) .
